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Verification of an  Improved  Computational  Design 
Procedure for TWT-Dynamic  Refocuser-MDC 

Systems with Secondary  Electron 
Emission Losses 
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Abstract-A computational  procedure  for  the design of TWT-refo- 
cuser-MDC  systems was used to design a short “dynamic”  refocusing 
system and highly efficient four-stage  depressed  collector for a 200-W 
8-18-GHz TWT. The computations  were carried  out with  advanced 
multidimensional  computer programs which model the electron  beam 
as  a  series of disks of charge  and follow their  trajectories  from  the RF 
input of the TWT, through  the slow-wave structure  and refocusing sec- 
tion,  to their points of impact  in the depressed  collector.  Secondary 
emission losses in the MDC were treated semiqnantitatively by injecting 
a  representative  beam of secondary  electrons into  the MDC  analysis at 
the point of impact of each primary beam. A comparison of computed 
and  measured  TWT  and MDC performance showed very good agree- 
ment. The electrodes of the MDC were fabricated  from  a  particular 
form of isotropic graphite  that was selected for its low secondary elec- 
tron yield, thermal expansion characteristics, ease of machinability, and 
vacuum  properties. This MDC was tested at CW  for  more than 1000 h 
with negligible degradation in TWT  and MDC performances. 

NOMENCLATURE 

Axial  magnetic  field in teslas. 
Intercepted beam current in amperes. 
Total  body current, including backstreaming from 

collector in  amperes. 
Beam current in amperes. 
Total RF output power in watts. 
Cathode  potential with respect to ground in volts. 
TWT circuit efficiency, PRF/(PRF -t circuit losses). 
Collector efficiency. 
Overall TWT efficiency, PRF/(dc input power). 
TWT RF efficiency, PRF/( VOZO). 

I 
I. INTRODUCTION 

N EARLIER PAPERS [ 11, [2] published in this journal, 
a  computational  procedure for the design of TWT-refo- 

cuser-MDC systems  was presented.  The  present  paper ex- 
tends  this work to  short  permanent magnet “dynamic”  re- 
focusing systems (simultaneous beam debunching  and re- 
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conditioning) using the  TWT  computer  program, to a 
semiquantitative treatment of secondary electron emission 
losses,  and to collectors of very small size. Furthermore, 
the  performance of a new collector electrode  material,  a 
particular form of isotropic  graphite (POCO Graphite, 
Inc.,  DFP-2), is described. 

The work  was  conducted at  the NASA  Lewis  Research 
Center  under  a  joint NASA-USAF  program to improve 
the  performance of TWT’s for use in communications  and 
electronic countermeasure  systems.  The improved  com- 
puter-aided design technique was  used to design a short 
permanent magnet refocuser and  a very small (1.7-cm 
diam.) four-stage depressed collector for an existing Var- 
ian 200-W  8-18-GHz TWT (VA Model  VTM-6294). The 
refocusing system and MDC designs were  implemented, 
and an experimental  program  was  conducted to evaluate 
the TWT/MDC performance. In the following, the ana- 
lytical and experimental  procedures  and the tube charac- 
teristics  are briefly described;  the results of the TWT, re- 
focusing system,  and  MDC analyses are  discussed;  and, 
comparisons of analytical and  experimental results are 
presented.  The  performance of the  isotropic  graphite elec- 
trode  material is briefly described. 

11. TWT CHARACTERISTICS 
A modified version of Varian TWT model  VTM-6294 

was used in this  program.  This tube has a helical slow- 
wave circuit  and  PPM focusing. The  general tube operat- 
ing characteristics were as follows: 

frequency: 8-18 GHz 
beam voltage: 9.2-9.8 kV 
beam current: 0.23-0.26 A 
RF output power: 200 W minimum 
duty cycle: 100 percent (CW). 

111. ANALYTICAL AND EXPERIMENTAL  PROCEDURE 
The computational design procedure was  used to design 

a refocusing system and  a four-stage depressed collector 
for the VA TWT,  with small size, simplicity, and ease of 
fabrication in  mind. The TWT computer  analysis  was  done 
at  saturation  at  the midband  frequency of 13 GHz (where 
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Fig. 2. Computed  spent-beam  energy  distributions  before  and after de- 
bunching  for  TWT  operation at saturation. Electronic  efficiency, qc = 
0.16; perveance  is 0.28 X AN3’*. 

Fig. 1. Cross  section of four-stage  brazed graphite depressed  collector an3 
permanent  magnet  refocuser. 

the.  greatest electronic efficiency  was expected to  occus;~ 
using the 32-disk model and a recently implemented im- 
proved formulation in the modeling of the PPM stack, 
based on a formulation similar to that in [3 3. 

Since  the TWT already had two full-strength permanent 
magnets beyond the RF output coupler of the TWT, it was 
decided to  attempt to design a refocusing system by mak- 
ing use of this continuation of the PPM stack for 1.25 
magnetic periods. Optimization of this simple refocuser 
by varying the strength of the magnets remained a possi- 
bility if satisfactory collector efficiencies were not prc- 
dicted, but it was not necessary to implement this option. 
A recent modification in the method of utilization of the 
TWT program permits  the stable computation of the elec- 
tron-beam flow in a region where the tunnel diameter 
changes discontinuously. This permits the dynamic anal- 
ysis of a wide variety of refocusing systems. The effects 
on the  spent beam of debunching and reconditioning in the 
refocuser can now be computed simultaneously. This more 
elaborate analysis indicated that this very  simple refocuser 
would  work very well, and so it was  employed. 

The collector was designed, ,using the Herrmannsfeldt 
Electron Trajectory Program 141, before the semiquanti- 
tative technique for evaluating secondary electron emis- 
sion losses in collectors was implemented; had this been 
available, the collector design would  have been modified 
slightly. 

This TWT, equipped with the four-stage brazed graph- 
ite collector shown in Fig. 1, was fabricated and experi- 
mentally evaluated at a number of distinct TWT/MDC op- 
erating conditions, including: 

1) analytical design case collector voltages, and 
2) experimentally optimized collector voltages. 

A comparison of the analytical and measured results for 
these two operating conditions is  presented below.  How- 
ever, because the  TWT was not operated first with an un- 
depressed collector (which produces only negligible back- 
streaming power) and the TWT and the MDC electrodes 

TABLE I 
ANALYTICAL VERSUS EXPERIMENTAL TWT PARAMETERS AND CW 

PERFORMANCE OF TWT DESIGN CASE AND TWT 204 

I .  Opera t ing   parameters  

-*TE~ Parameter  Design  case TW? 204 

11. TWT performance a t  13 GHz (midband) 

Ffjfjif Parameter  Design  case TWT 204 

RF e f f i c i e n c y ,  % 

C i r c u i t   e f f i c l e n c y .  % 
I n t e r c e p t e d   c u r r e n t ,  % 

83.6 

aEst imated  va lue  based on measurements o f  o t h e r  
TnT types. 

were conduction cooled to a single baseplate, it was not 
possible to present the detailed picture of power flow in the 
experimental TWT/MDC given in [l], 121. Furthermore, 
the computation of collector efficiencies required the mak- 
ing of certain assumptions (discussed later). 

IV.  RESULTS OF TWT ANALYSIS AND COMPARISON WITH 
MEASUREMENTS 

The computed and measured RF performances are 
shown in Table I. Since the tube operating parameters for 
the analytical design case and the experimental TWT 
(called TWT 204 hereafter) differed somewhat, the results 
in this and in subsequent sections of this paper are shown 
as percentages of Io,  Vo, and Io Vo.  The results are in rel- 
atively  good agreement.  The highest RF efficiency, of  13.5 
sercent, of TWT 204 occurred  at 15.0 GHz. 

The computed spent-beam energy distributions before 
md after debunching, for operation of the TWT at satu- 
ration,  are shown in Fig. 2. As observed previously in [ 13, 
[ 2 ] ,  the debunching action substantially alters the spent 
team energy distribution. 

V. REFOCUSING ANALYSIS  RESULTS 
The beam debunching in the refocuser has already been 

discussed. The charge trajectories through the refocusing 
region are shown in Fig. 3. The disk edge angles and av- 
erage radius at the input to and the output of the refocuser 
ale shown in  Table II. The number of negative angles has 
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Fig. 3. Charge trajectories and  refocusing  field profile in  refocusing  section 
for TWT  operation at saturation. 

TABLE I1 
INPUT AND OUTPUT CHARACTERISTICS OF REFOCUSING SYSTEM FOR 

SATURATED  OPERATION 

I .  A n g l e  o f  d i s k  e d g e .  

T r a j e c t o r y  

1 
2 
3 
4 
5 
6 
7 
8 
9 

11 
10 

1 2  
13 
1 4  
15 
16 

1 8  
17 

20 
1 9  

21 
22 

2 4 
23 

25 

27 
26 

28 
29 

31 
32 

30 

I 

L 

_ _ _ - ~  

1.5 

.8  

. 1  

5.2 
2.8 
2.1 - 1 . 8  
2.7 -4.0 
1 .l 

-2.2 
1 . 6  -1 .o 

7.1 
2.4  -3.2 

-7.4 

- . 4  
2.3 

1.7 
1.7 

-1.5 1 . 4  
4 . 4  

1 . 4  -2.4 
-2.0 .3 

-5.1 
-1.2 

- 3 . 3  
7 . 7  

- -1 .2 .E I ::: 
- . 5  I -3.3 

5.0 I - 2 . 3  

-2.3 2.0 
1.2 I 7.5 

,3 .1  j - 4 . 5  
4.1 , - .4 2.5 , 1.6 
1 .o  

- .8 1 - .4  
3 . 3  

11. A v e r a g e   r a d i u s  o f  dlsk e d g e .  

been increased and the average beam radius reduced 
(compression rather than the controlled beam expansion 
described in [l], [Z]); on the surface this does not appear 
to  be  a good refocusing system. However, as will  be  shown 
in the next section, it was  possible to design a highly ef- 
ficient collector for this beam. When the beam size at the 
MDC input is much smaller than the collector size, posi- 
tive and negative angles become indistinguishable to the 
collector; and, for MDC's of such small size, beam ex- 
pansion may  not be desirable. Consequently, this refocus- 
ing system was selected for its simplicity and ease of fab- 
rication. 

VI. MDC ANALYSIS AND RESULTS AND COMPARISON 

The four-stage axisymmetric  MDC geometry, the ap- 
plied potentials,  the equipotential lines, and the  charge 
trajectories  are shown in Figs. 4 and 5 for the  cases of 

WITH MEASUREMENTS 
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Fig. 4. Charge  trajectories  in  four-stage  1.7-cm-diameter  depressed  collec- 
tor  operated  at  analytically  determined  voltages. TWT operating  at  sat- 
uration. 
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Fig. 5. Charge trajectories in four-stage  1.7-cm-diameter  depressed  collec- 
tor operated at experimentally  optimized  voltages.  TWT  operating  at  sat- 
uration. 
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TABLE 111 
ANALYTICAL AND EXPERIMENTAL PERFORMANCES OF TWT 204 AND 1.7-cm- 

DIAMETER FOUR-STAGE DEPRESSED  COLLECTOR  AND TWT OPERATING AT 
SATURATION (ANALYTICALLY DETERMINED COLLECTOR VOLTAGES) 

(Computer  trajectories  shown  in  Fig. 4. Voltages, currents, and powers in 
percent of Vo, Io. and VoZo, respectively). 

power 

TWT body (Inter- 0 -?- 4 . 1  
ceptlon) 

0 

TWT body (back- ~ 

streamlng) 
0 I 4.2 1 0 I 1.8 0 

Electrode: 1 
2 
1 

43.0 1 26.4 60.0 36.8 
3 . 1  1.6 5.1 i 2.6 

3 42.6 , 3 5 . 2  
4 100.0 

29.5 ~ 2 4 . 4  

1 . 7  1 1.7 

I I 

3.0 

3.0 1 Collector  efficiency, x 80.2 

Overall  efficiency, % 39.9 3 5 . 1  ____ 

TABLE 1V 
ANALYTICAL AND EXPERIMENTAL PERFORMANCES OF TWT 204 AND 1.7-cm- 

DIAMETER FOUR-STAGE DEPRESSED COLLECTOR AND TWT OPERATING AT 
SATURATION (EXPERIMENTALLY OPTIMIZED  COLLECTOR VOLTAGES) 

(Computed  trajectories  shown  in  Fig. 5. Voltages, currents, and  powers  in 
percent of Vo, Io, and Valo, respectively). ... 

TWT body (Inter- 
ception) 

TWT body (back- 
streamlng) 
Electrode: 

1 
2 

100.0 

85.4 j 86.2 

2 . 3 1 - 4 L . -  

analytically determined voltages and experimentally c y -  
timized voltages, respectively. The analytical and experi- 
mental TWT-MDC performances are compared in  Tables 
111 and IV. 

The computed collector current distributions shown  in 
Tables I11 and IV include the effects of representative ssc- 
ondary electron emission from the electrode surfaces. 
These  are for the case of  slow (10 eV) electrons injected 
back along the angle of incidence (the most  probable angle 
in some cases) in the amount Zi (0.4 +, 0.202), where I? is 
the angle of incidence in radians and Zi is  the incident cur- 
rent. Secondary electrons have, in fact, angular and en- 
ergy distributions, which depend on the angle of i x i -  
dence,  the energy of the incident electrons, and the elec- 
trode  surface  material and characteristics. A better sim- 
ulation (other energies and angles of injection) is possjble; 
however, detailed ‘measurements of secondary elec  iron 
emission characteristics (the angular and energy dis>tri- 
butions) of modern MDC electrode materials  (e.g., POCO 
DFP-2 graphite) are generally not available. Furthermore, 
more complex simulations involve additional computer 
time and may not be cost-effective. 

The  trajectories of this one class of slow secondary :lec- 
trons  are shown in Figs. 4 and 5. Most of the seconduies 

ANALYSIS 
OUTPUT 

Fig. 6.  Charge trajectories of incident  and of elastically  reflected  primaries 
in  four-stage  depressed  collector. TWT operating  at  saturation. 

are surpressed automatically by the local electric fields. 
However, Fig. 4 shows that, in some cases (see electrodes 
2 and 3) ,  slow secondaries generated even on the “top” 
surfaces of the electrodes can backstream to the TWT it- 
self. Clearly, such situations should be avoided by modi- 
fied collector design or electrode operating potentials. 

The losses due to elastically and inelastically scattered 
primary (high energy) electrons may be at least as impor- 
tant as those due  to true secondaries; however,  only  very 
limited quantitative data have been found on this compo- 
nent of secondary electron emission for electrode mate- 
rials used in modern collectors. 

The trajectories of elastically reflected primary elec- 
trons injected at an angle of reflection equal to the angle 
of incidence are shown in Fig. 6. When other possible an- 
gles of injection are considered, it is clear they could end 
up almost anywhere in the collector or TWT. No attempt 
was made to quantify these losses due to the lack of data 
on reflected primaries‘ from POCO DFP-2 graphite. 

As discussed previously, since the TWT was not first 
operated with an undepressed collector, certain assump- 
tions had to be made in order to compute collector effi- 
ciencies.  The following assumptions were used: 

1) circuit efficiency of 0.75 at 13 GHz (based on  mea- 
surements of other TWT types); 

2) Z, = 4; mA (based on measurements for several 
TWT’s of this model  with zero collector depres- 
sion,’ at very low  duty  cycle); and 
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3) average energy of intercepted electrons of 0.98 V, 
(the computed value). 

Comparing the predicted and measured currents  to  the 
various collector electrodes, it can be seen that the agree- 
ment is good only in some of the cases. The differences 
in computed and measured currents  can largely be ex- 
plained by subtle differences of only 5 to 10 percent in the 
computed and actual spent beam energy distributions. For 
example, the computed and measured values of current  to 
electrode number three showed very good agreement (43 
versus 44 percent) when the applied voltage to  the elec- 
trode in the analytical case was decreased by 7 percent. 

The collector efficiencies showed very good agreement. 
This is of particular importance, since the primary pur- 
pose of the computer-aided design techniques, apart from 
TWT performance analysis and design, is to produce an 
acceptable refocusing-system design and a highly efficient 
MDC geometric design. Predicting the distribution of cur- 
rent to the electrodes at one particular operating point is 
of considerably less importance, since the collector and 
the power supplies must be designed to tolerate a wide 
range of currents to allow for operation at  other condi- 
tions, in particular below saturation. 

The combination of computer-aided MDC geometric 
design and experimental optimization of its operating volt- 
ages produced a very good design on the .first design it- 
eration. At the outset of this program, it was envisioned 
that the refocusing system profile (strength of the two per- 
manent magnets) would be optimized by individually 
trimming  the  strength of the two refocusing system mag- 
nets, within the  range of * 10 percent, and by shunting 
the magnets to optimize  the TWT overall efficiency.  How- 
ever, the “packaged”  TWTlMDC delivered by Varian did 
not provide ready access to  the refocusing system. Con- 
sequently, because of the favorable results obtained with 
the nominal refocuser, and because of the  risk involved in 
the removal (and subsequent reinstallation) of the coaxial- 
to-waveguide adapter  (a delicate procedure), such opti- 
mization was not performed. 

VII. TWT-MDC PERFORMANCE ACROSS OPERATING 
BANDWIDTH 

The TWT and four-stage collector performance was 
evaluated across its useful operating band at saturation. 
This turned out to  be 8-15.5 GHz, limited in the upper 
end of the band by a poor output match for a range of 
frequencies above 16 GHz.  The  MDC voltages used (1.0, 
0.77, 0.68, and 0.50 V,) had to be reduced considerably 
from their optimum values at midband (see Table IV) due 
to a large  increase in the total body current (backstream- 
ing from the collector) for operation in the range of fre- 
quencies of 8.5-10.5 GHz, where a significant second har- 
monic content is present in the RF output power. The 
results are shown in Fig. 7. The collector efficiency  was 
found to be in the range of 81-84.5 percent. The average 
results (across  the  operating band of 8-15.5 GHz  at satu- 
ration) are shown in Table V. 

A - COLLECTOR 
0 - OVERALL 1 v-RF 

I 

Fig. 7. Collector,  overall,  and RP efficiencies versus frequency at  satura- 
tion. 

TABLE V 
AVERAGE RESULTS OF TWT-MDC PERFORMANCE ACROSS OPERATING BAND 

OF 8-15.5 GHZ AT SATURATION 

RT Efficiency  Overal l   Eff ic iency  Col lector   Eff ic iency 

(Percent)   (Percent  1 (Percent 1 

1 2 . 5  39 8 3  

In computing the collector efficiencies, the following as- 
sumptions were used: 

1) a linear variation in qc from 0.8 to 0.725 for frequen- 

2) a constant intercepted beam power (1.9 percent of 
cies in the  range of 8-15.5 GHz, and 

Z, V,,  as discussed above). 

VIII. PERFORMANCE OF POCO DFP-2 GRAPHITE AS A 
COLLECTOR ELECTRODE MATERIAL 

The TWT and MDC were assembled, baked out, and 
dc1RF processed at Varian. The bakeout was performed 
in two stages (separated by a cathode-activation proce- 
dure) for a total of 30 h at 550°C. Approximately 35 h of 
pulsed dc aging (no RF) and over 30 h of gradual CW RF 
aging were required before saturated CW data could be 
obtained across the operating band. A 2-1/s  ion pump at 
the collector (see Fig. 1) was used throughout these tests. 

The bakeout performance of the TWTIMDC was indis- 
tinguishable from the production TWT with its copper 
collector; however, the  TWT/MDC was described as 
“gassy” at several early stages in the testing program at 
Varian. The above information was extracted from the tube 
log supplied by Varian. In all, more than 100 h of pulsed 
and CW agingJtesting were accumulated at Varian. 

During initial testing at NASA Lewis, the 2-1/s  ion pump 
was used continually. Pump  currents, which ranged from 
0.02 to 0.025 pA initially, dropped to virtually zero (less 
than 5 to 10 X. A, the minimum detectable on the 
pump current readout) within about 100 h of operation. 

An extended test was started with the  TWT operating 
at saturation at 15 GHz. After about 400 h of CW oper- 
ation, the ion pump was turned off entirely. In  retrospect, 
this could probably have been done at the start of the long- 
term  test.  The  testing was continued until over 1000 h of 
CW operation had been accumulated. A daily check was 



90 1EEE TRANSXTIONS ON ELECTRON DEVICES, VOL. ED-33, NO. I ,  JANUARY I986 

made for a possible pressure buildup by turning  the .sump 
back on  for a few seconds; no measurable pump CL rrent 
was ever  detected. 

During the first several hundred hours of operatior e the 
total body current was observed  to  rise (from 3 percent of 
1, to  5  percent) and the recovered power  was observcd to 
drop  about 20 W, the  largest  changes  occurring ear,y in 
the  extended  test  program. The RF output power re- 
mained constant within 1  percent, but the  saturated  zain 
increased slightly. The observed overall efficiency de- 
creased by  1-1.5 percentage  points. It could not  be c’efi- 
nitely established  whether the changes in body current and 
recovered power were due to changes in the TWT itself 
(larger beam due to improved outgassing of the TWT 
components),  to  small  dimensional  changes in the TWT 
or MDC, or  to  changes in the  secondary  electron erniss an 
characteristics of the  graphite  electrodes. 

IX. CONCLUDING REMARKS 

An improved computational design technique for TWT- 
refocuser-MDC  systems was presented. A highly efficierlt 
MDC design was produced on the first iteration,  and  ve-y 
good agreement was found between computed and mel- 
sured  collector  efficiencies. 

The  implementation of the dynamic refocusing analys. s 
makes possible the design of short permanent magnet re,- 
focusers  situated next to the RF output coupler of th: 
TWT. 

The  evaluation of secondary  electron emission losses in 
the collector presented above was only semiquantitative 
However, the  technique itself is capable of much greater 
accuracy when measurements of the  angular and energy 
distributions  from modern MDC electrode  materials be- 
come available. 

Operation of the experimental TWT across its octave 
bandwidth indicated  that the tube produced considerabjy 
different  spent beams in the midband to  ,upper band parts 
(highest T!,) and near the low band edge, where a signifi- 
cant amount of harmonic power was generated. 

An effective compromise in MDC operating  conditions 
(voltages)  was  found  for sarurated  TWT  operation. How- 
ever,  efficiency in  the linear  range would  have been com- 
promised because  the  collector voltages had to be reduced. 
Consequently, it would be useful, in certain  cases, tu per- 
form the analysis at two or more frequencies, including a 
frequency near low  band edge {with fundamental and har- 
monic  power) and at the  highest  electronic efficiency. 

The dew type of graphite MDC electrode  material, 
POCO DFP-2, performed well.  However, considerably 
more experience with it is required before definitive con- 
clusions on its suitability for ECM and  space TWT’s can 
be made. 
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